Introduction
============

Ovarian cancer (OVCA) has a high mortality rate of 30--50%, is the fifth most common type of cancer worldwide, and is also the cause of the majority of cancer-related mortality in women ([@b1-mmr-22-03-2318],[@b2-mmr-22-03-2318]). Chemotherapy is the standard treatment for OVCA; however, 70% of patients with terminal cancer experience chemoresistance or recurrence within 15 months of treatment ([@b3-mmr-22-03-2318]). Currently, chemotherapy is extensively used to treat OVCA. However, certain antitumor drugs, including cisplatin and sorafenib, can have serious side effects that limit their clinical applications ([@b4-mmr-22-03-2318],[@b5-mmr-22-03-2318]). Thus, exploration of new drugs or active compounds for the therapy of OVCA is urgent.

Steroid hormones are very important for the development of OVCA, as the progesterone receptor (PR) and estrogen receptor (ER) have been confirmed to be associated with survival rate and prognosis of patients with cancer ([@b6-mmr-22-03-2318],[@b7-mmr-22-03-2318]). The ERs, including the two ER subtypes ERα and ERβ, have been widely studied in OVCA ([@b8-mmr-22-03-2318],[@b9-mmr-22-03-2318]). The two ER subtypes have different specificity in ligand binding, with opposing functions in cell growth in some types of cancer ([@b10-mmr-22-03-2318],[@b11-mmr-22-03-2318]). ERα and a gene target of estrogen signaling, PR, are prognostic biomarkers in OVCA. It has been elucidated that 40--60% of OVCA cases express ERα, but only a small proportion of patients respond to ER antagonist tamoxifen therapy ([@b12-mmr-22-03-2318]). Previous studies have suggested, in contrast to ERα, that ERβ expression is significantly lower in malignant tissue compared with normal tissue, and its expression is a useful predictor for disease-free survival and overall survival ([@b13-mmr-22-03-2318],[@b14-mmr-22-03-2318]). Previous studies have indicated that the expression level of ERβ is decreased in localized prostate cancer suggesting that ERβ may be a suppressor gene ([@b14-mmr-22-03-2318]). Functionally, exogenous expression of ERβ in OVCA can inhibit cell proliferation and increase cell apoptosis via promoting the degradation of hypoxia-inducible factor (HIF)-1α ([@b15-mmr-22-03-2318]). Vascular endothelial growth factor A (VEGFA) signaling was inhibited by low levels of HIF-1α, which is a critical component in preventing apoptosis and motility of tumor cells. In short, the activation of ERβ expression may be an effective target for the exploration of compounds to treat OVCA ([@b16-mmr-22-03-2318],[@b17-mmr-22-03-2318]).

Traditional Chinese medicines have been used to treat cancer for thousands of years, using a large collection of biologically active products ([@b18-mmr-22-03-2318]--[@b21-mmr-22-03-2318]). Natural compounds from medicinal plants, including dioscin and berberine, have potent effects against various types of cancer ([@b22-mmr-22-03-2318]--[@b28-mmr-22-03-2318]); it is reported that berberine inhibited human cervical carcinoma HeLa cells and dioscin induced DNA damage and activated mitochondrial signal pathway in human A549, NCI-H446 and NCI-H460 cancer cell lines ([@b29-mmr-22-03-2318],[@b30-mmr-22-03-2318]). Additionally, some natural products, including genistein and daidzein, have been reported to inhibit migration, invasion and proliferation of OVCA cells ([@b31-mmr-22-03-2318]). Thus, exploration of effective natural products from medicinal plants is a reasonable approach to treat OVCA.

Aconitine ([Fig. 1A](#f1-mmr-22-03-2318){ref-type="fig"}), also known as monkshood or devil\'s helmet, is a type of toxin produced by the Aconitum plant that has been used as a traditional medicine in China due to its analgesic and anti-inflammatory effects ([@b32-mmr-22-03-2318]). A previous study has indicated that aconitine can induce apoptosis in human pancreatic cancer cells via the NF-κB signaling pathway ([@b33-mmr-22-03-2318]). In addition, aconitine can induce apoptosis in human cervical carcinoma HeLa cells by adjusting endoplasmic reticulum stress signaling ([@b34-mmr-22-03-2318]). However, no previous studies have reported the effects and molecular mechanisms of aconitine against OVCA, and therefore, the aim of the current study was to investigate this compound in OVCA cells *in vitro*.

Materials and methods
=====================

### Chemicals and reagents

Aconitine was obtained from the Chengdu Research Institute of Biology of the Chinese Academy of Sciences. MTT was obtained from Roche Diagnostics. Protein Extraction kit (cat. no. KGP250), penicillin and streptomycin combination were purchased from Nanjing KeyGen Biotech Co., Ltd. Dulbecco\'s modified Eagle\'s medium (DMEM) and fetal bovine serum (FBS; cat. no. 10099-141) were purchased from Gibco; Thermo Fisher Scientific, Inc. 4′,6′-Diamidino-2-phenylindole (DAPI) was purchased from Sigma-Aldrich; Merck KGaA. Comet assay kit (cat. no. 4250) was purchased from Cell Biolabs, Inc. The TUNEL assay kit (cat. no. FA201) was purchased from Beijing Transgen Biotech Co., Ltd. JC-1 mitochondrial membrane potential assay kits (cat. no. C2006) were obtained from Beyotime Institute of Biotechnology. Primary and secondary antibodies were purchased from ProteinTech Group or BIOSS and are presented in [Table I](#tI-mmr-22-03-2318){ref-type="table"}. BSA blocking buffer was purchased from Beijing Solarbio Science & Technology Co, Ltd (cat. no. SW3015).

### Cell lines and culture

The human OVCA cell lines, A2780 and normal ovarian cell IOSE80, were purchased from Wuhan Boster Biological Technology, Ltd. A2780 and IOSE80 cells were cultured in DMEM medium in the presence of 10% FBS, supplemented with 100 U/ml penicillin and 100 g/ml streptomycin, and cultured in a humidified 5% (v/v) atmosphere of CO~2~ in an incubator at 37°C.

### Cell viability assay

A cell viability assay was performed using MTT. Cells were plated into 96-well plates (5×10^4^ cells/well) and incubated at 37°C overnight. In the present study the concentrations of aconitine used in the cell viability assay were 10, 50, 100, 200, 400, 800 and 1,000 µg/ml. 5×10^4^ cells/well A2780 cells and normal ovarian IOSE80 cells were then treated with various concentrations of aconitine (10, 50, 100, 200, 400, 800 and 1,000 µg/ml) and positive control cisplatin (1, 5, 25, 50 and 100 µg/ml) for different exposure times of 6, 12 and 24 h. Next, 10 µl of MTT (5 mg/ml) was added to each well and incubated for a further 4 h at 37°C. Following this, 150 µl DMSO was added to dissolve formazan crystals, the absorbance was read at 490 nm using a microplate reader (Thermo Fisher Scientific, Inc.), and cell morphology was obtained with a phase-contrast microscope (Nikon Corporation).

### Plate colony-forming assay

A2780 cells in 6-well plates at a density of 500 cells per well were treated with aconitine (0, 100, 200 and 400 µg/ml) once every 3 days. The treated cells were incubated at 37°C for 10 days, and the medium was changed every day. Finally, the cells were stained with crystal violet at room temperature for 30 min and then, colonies containing \>50 cells were counted. The colony formation numbers were analyzed using ImageJ software 1.3 (National Institutes of Health).

### Wound healing assay

A2780 cells (2×10^5^ cells/well) were cultured for 12 h at 37°C, then the cells were scratched with a sterile micro-pipette tip and washed with PBS to remove cell debris in the serum-free medium. After cells were treated with aconitine (0, 25, 50 and 100 µg/ml) at 37°C for 24 h, the non-adherent cells were washed away with PBS and the migration distance was taken and analyzed using ImageJ software 1.3. The morphology of the cells was obtained by a phase contrast microscope (Nikon Corporation) at ×200 magnification.

### Transwell migration assay

The migration potential of A2780 cells was assessed using Transwell chambers (8 µm pore; Corning Inc.). A total of 6×10^4^ cells in serum-free medium (200 µl) were added to the upper chamber, while the lower chamber was filled with 500 µl medium containing 20% FBS. After incubation with aconitine (0, 25, 50 and 100 µg/ml) in the upper chamber for 12 h at 37°C, the cells were fixed with methanol for 30 min and stained with crystal violet for 20 min at room temperature. Finally, cells were imaged under an inverted phase-contrast microscope and ImageJ software 1.3 (National Institutes of Health) was used for quantification.

### Terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) assay

Early and late apoptosis apoptosis was determined using the TransDetect^®^ *In Situ* Fluorescein TUNEL Cell Apoptosis Detection kit according to the manufacturer\'s protocols. The solution of 10% green fluorescein labeled dUTP was added to 6×10^4^ A2780 cells that were incubated at 37°C for 1 h. Next, the samples were washed with cell permeable fluid and neutral gum sealer was used as the mounting medium. Images of five random fields of view were captured using a fluorescence microscope (Olympus Corporation) at ×200 magnification.

### Mitochondrial membrane potential assay

6×10^4^ A2780 cells were incubated with JC-1 dye working fluid in an incubator for 20 min at 37°C. After washing twice with a dye buffer, the JC-1 levels were determined by fluorescence microscope at ×200 magnification.

### Comet assay

The culture and treatment of A2780 cells were the same as TUNEL staining. After the treatment with different concentrations of aconitine (100, 200 and 400 µg/ml) for 24 h, the extent of DNA damage was determined by the Comet assay kit (Cell Biolabs, Inc.), according to the manufacturer\'s instructions. Images were taken using a fluorescence microscope and the Comet Assay Software Project (CASP) 1.2.2 (CaspLab) was used to analyze 50 cells from each of the 2 replicate slides.

### Immunofluorescence assay

A total of 6×10^4^ A2780 cells were incubated with DMEM in a 6-well plate at 37°C overnight. After pretreatment, the cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min at 4°C, then washed with PBS and permeabilized with 0.2% Triton-100 for 8 min at 4°C. Non-specific binding was blocked by incubating cells in 3% BSA for 1 h at 37°C and then cells were incubated with rabbit anti-ERβ primary antibody (1:500) at 4°C overnight. After washing with PBS three times, the samples were incubated with a FITC-conjugated goat anti-rabbit IgG (1:2,000) for 1 h at room temperature, and then DAPI (5 µg/ml) was used to stain the cell nucleus for 10 min at 4°C. Images were captured using a fluorescence microscope at ×200 magnification. The cells in five randomly selected high-power fields were counted under the fluorescence microscope and relative fluorescence intensity (total fluorescence intensity/area) represented the fluorescence intensity of the positive cells compared with the control group.

### Western blotting

Total protein samples from A2780 cells were extracted by cell lysis buffer containing 1% phenylmeth-anesulfonyl fluoride (PMSF). A bicinchoninic acid assay was performed to determine the protein content. The samples (50 ng/µl) were separated by SDS-PAGE on 10--15% gels and transferred to a PVDF membrane. Following this, the membranes were incubated with primary antibodies (listed in [Table I](#tI-mmr-22-03-2318){ref-type="table"}) at 4°C overnight. The membranes were then incubated with horseradish peroxidase-conjugated secondary antibody (1:2,000) for 2 h at room temperature. Subsequently, protein bands were detected using an enhanced chemiluminescence system and ChemiDoc XRS (Bio-Rad Laboratories, Inc.). Intensity values of the relative expression levels of the proteins were normalized to GAPDH.

### Molecular docking assay

The 3-dimensional (3D) structure of aconitine was optimized using the Gaussian 09 program ([@b35-mmr-22-03-2318]) with the level of B3LYP/6-31G ([@b36-mmr-22-03-2318],[@b37-mmr-22-03-2318]). The Protein Data Bank (PDB) files of aconitine were produced using PRODRG Server and the crystal structure of ERβ (PDB-code, 4GV1) was downloaded from RCSB Protein Data Bank ([@b38-mmr-22-03-2318]). The docking studies on the proteins ERβ (PDB, 2YLY) and ligand aconitine were performed with the AutoDock 4.2 software (Aka Olson Laboratory), whose process mainly involves the removal of crystal water, ions and non-standard amino-acid residues. The binding free energy and the actions of hydrogen bonds, hydrophobic and electrostatic, were analyzed. Following the requirements of the docking study, ions, water molecules and non-standard amino acid residues were removed from the proteins. For the docking case, the model with the lowest energy was selected as the binding mode for analysis.

### Statistical analysis

All data are presented as mean ± SD. Statistical analysis was performed using GraphPad Prism 5.0 software (GraphPad Software, Inc.). Comparisons between two groups were performed using unpaired Student\'s t-test, and one-way or two-way ANOVA was followed by Bonferroni\'s post hoc to analyze multiple comparisons. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cytotoxicity of aconitine in A2780 cells

The MTT results presented in [Fig. 1B](#f1-mmr-22-03-2318){ref-type="fig"} show that aconitine treatment at the concentrations of 100, 200 and 400 µg/ml for 24 h significantly decreased cell viability to 85, 68 and 33%, respectively, compared with the control group, while effects of positive control cisplatin on the viability of A2780 cells were detected for 24 h in [Fig. S1A](#SD1-mmr-22-03-2318){ref-type="supplementary-material"}. However, aconitine did not significantly inhibit the growth of a normal ovarian cell line ([Fig. S1B](#SD1-mmr-22-03-2318){ref-type="supplementary-material"}). For subsequent experiments, the cells were exposed to 100, 200 or 400 µg/ml aconitine for 24 h. As shown in [Fig. 1C](#f1-mmr-22-03-2318){ref-type="fig"}, bright-field images suggested that cell death was induced by aconitine.

### Effects of aconitine on proliferation, invasion and migration of A2780 cells

As shown in [Fig. 2A](#f2-mmr-22-03-2318){ref-type="fig"}, aconitine (100, 200 and 400 µg/ml) significantly decreased colony formation in A2780 cells. In addition, only low concentrations of aconitine were needed to suppress the invasive and migratory capabilities of A2780 cells compared with the control group, as demonstrated by migration and invasion assays ([Fig. 2B](#f2-mmr-22-03-2318){ref-type="fig"}) which excluded the influence of aconitine-induced reduction of cell viability to the experimental results of cell migration and invasion ([@b29-mmr-22-03-2318]). These results suggested that aconitine significantly inhibited the proliferation, migration and invasion of A2780 cells ([Fig. 2B](#f2-mmr-22-03-2318){ref-type="fig"}).

### Aconitine induces apoptosis and DNA damage in A2780 cells

To investigate the effect of aconitine on cell apoptosis, apoptosis was measured by TUNEL assay and flow cytometry. As presented in [Fig. 3A](#f3-mmr-22-03-2318){ref-type="fig"}, TUNEL-positive cells and apoptotic rates were significantly increased by aconitine. In addition, the results of jc-1 stain demonstrated that the intensities of red orange fluorescence in aconitine-treated groups were significantly decreased and the intensities of green fluorescence were increased compared with the control group, suggesting that aconitine increased mitochondrial membrane potential to induce mitochondria injury ([Fig. 3B](#f3-mmr-22-03-2318){ref-type="fig"}). In a comet assay, aconitine decreased the contents of head DNA and increased the length of DNA migration smear (comet tail) compared with the control group ([Fig. 3B](#f3-mmr-22-03-2318){ref-type="fig"}).

### Aconitine activates the expression of ERβ in vitro

To investigate the impact of aconitine on ERβ signaling, A2780 cells were treated with different concentrations of aconitine and the expression levels of ERβ were assessed by immunofluorescence. The results presented in [Fig. 4A and C](#f4-mmr-22-03-2318){ref-type="fig"} indicated that, compared with the control group, the ERβ fluorescent intensity was significantly increased. In addition, the western blot analysis results in [Fig. 4B](#f4-mmr-22-03-2318){ref-type="fig"} indicated that aconitine significantly upregulated the expression of ERβ, and significantly downregulated the expression of VEGF compared with the control group.

### Aconitine activates ERβ signaling and inhibits expression of matrix metalloproteinase (MMP) 2/9 and phosphorylated ATM serine/threonine kinase (p-ATM)

As presented in [Fig. 5A](#f5-mmr-22-03-2318){ref-type="fig"}, western blot analysis revealed that expression of prolyl hydroxylase domain-containing protein 2 (PHD2) was significantly upregulated, and that expression of HIF-1α was markedly downregulated by aconitine compared with the control group. These results suggested that aconitine inhibited the VEGF signaling pathway by activating ERβ. Furthermore, compared with the control group, aconitine significantly increased the expression of p53 and inhibited the expression of MMP2, MMP9 and p-ATM ([Fig. 5B-C](#f5-mmr-22-03-2318){ref-type="fig"}).

### Aconitine induces the expression of proteins associated with the mitochondria-associated apoptosis pathway

As shown in [Fig. 6](#f6-mmr-22-03-2318){ref-type="fig"}, compared with the control group, aconitine significantly upregulated the levels of cleaved poly (ADP-ribose) polymerase (PARP), cleaved caspase-3/9 and Bax, and downregulated the expression of Bcl-2 and Bcl-xl in A2780 cells. In addition, the expression of apoptotic peptidase activating factor 1 (Apaf-1) and cytochrome C were significantly increased by the compound.

### Aconitine directly targets ERβ

A molecular docking assay was performed on ERβ to investigate the target of aconitine against OVCA. The 3D structure of aconitine and the crystal structure of ERβ (PDB ID, 2YLY) are shown in [Fig. 7A and B](#f7-mmr-22-03-2318){ref-type="fig"}, and the binding mode of aconitine and ERβ is shown in [Fig. 7C](#f7-mmr-22-03-2318){ref-type="fig"}. By molecular docking, the binding energy of aconitine towards ERβ was found to be −6.5 kcal/mol. In addition, the hydrogen bonding model of aconitine and the ERβ structure are presented in [Fig. 7D](#f7-mmr-22-03-2318){ref-type="fig"}, and the analyses of hydrogen bonding and hydrophobic effects showed that the amino acid residues involved in the formation of hydrogen bonds included glutamic-474 (Glu-474), asparagine-470 (Asn-470) and Glu-332 (Glu-332).

The hydrophobic bond formation of aconitine-ERβ bonding and the hydrophobic residues within the ERβ active site involves methionine-473, lysine-471, Glu-474, histidine-467, serine-333, arginine-466, alanine-497, Asn-496 and leucine-477, which further strengthens the binding of aconitine to ERβ. From the docking results, due to the strong hydrogen bonding, hydrophobic effects and electrostatic interactions, aconitine with lower binding energy possessed powerful affinity towards ERβ.

Discussion
==========

OVCA is one of the most prevalent gynecological malignancies, with a global fatality rate of 6.2% ([@b39-mmr-22-03-2318]). Although \>70% of patients with OVCA can be effectively treated with surgery, novel and more effective drug interventions are needed due to the serious side effects of chemotherapy and low overall cure rates ([@b40-mmr-22-03-2318]). As an active ingredient in the Aconitum plant, aconitine has been reported to interact with voltage-dependent sodium channels of excitable tissue cell membranes and can be metabolized by cytochrome P450 ([@b41-mmr-22-03-2318]). However, few studies have reported the effects of aconitine on tumorigenesis. Therefore, the inhibitory effect of aconitine on human ovarian A2780 cells was investigated in the current study. The results suggested that cell viability and colony formation of A2780 cells were significantly suppressed by aconitine. In addition, low concentrations of aconitine (25, 50 and 100 µg/ml) were found to significantly suppress the invasive and migratory capabilities of A2780 cells, although these concentrations did not induce significant rates of cell death according to the MTT results. These results suggested that aconitine may have potential as a treatment for OVCA. Cytogenetic analysis showed that A2780 cells had a greater genomic stability in comparison with SKOV3 cells ([@b42-mmr-22-03-2318]). On the other hand, A2780 cells undergo apoptosis and consequently cell death more easily than SKOV3. Thus, A2780 was chosen as the cell line to confirm the research data.

The collapse of mitochondrial function, including changes to the mitochondrial membrane potential and permeability, are associated with apoptosis ([@b43-mmr-22-03-2318]). A previous study reported that the collapse of the mitochondrial membrane potential is an early step in apoptosis. Also, DNA fragmentation is one of the most typical phenomena of apoptosis ([@b44-mmr-22-03-2318]). In the present study, aconitine was found to cause the disintegration of the mitochondrial membrane potential and the transformation of mitochondrial permeability. The comet assay showed that after aconitine treatment, the DNA content was transferred to the tail of the comet, suggesting that aconitine treatment induced DNA damage. In addition, the number of apoptotic cells was increased by aconitine treatment. These data showed that aconitine had potent activity against OVCA cells *in vitro* by regulating DNA damage and mitochondrial apoptosis.

A wide range of expression levels of steroid hormone receptors has been reported in OVCA. In previous years, ERβ targeting has attracted attention in various types of tumors due to its anticancer effect ([@b45-mmr-22-03-2318]). With the decreased expression of ERβ in breast, colon and prostate cancer, the receptor is considered to be a tumor suppressor factor ([@b6-mmr-22-03-2318],[@b7-mmr-22-03-2318],[@b46-mmr-22-03-2318]). ERβ has the highest expression in normal ovarian tissues, and this is decreased during dedifferentiation ([@b47-mmr-22-03-2318]). A previous study has demonstrated that the decrease of ERβ can stabilize HIF-1α, which can lead to autocrine VEGF signaling by decreasing the enzyme activity of PHD2, the key hydroxylase of HIF-1α which suggested that ERβ is an important part of this process in tumorigenesis ([@b14-mmr-22-03-2318]). As HIF-1α/VEGF signaling is an important regulator of cell migration and apoptosis, apoptosis can be promoted, and migration and invasion can be decreased by activation of ERβ ([@b29-mmr-22-03-2318]). The results of the present study demonstrated that aconitine significantly upregulated the expression of ERβ in A2780 cells, and decreased the expression of HIF-1α and VEGF-A. Therefore, the anticancer effect of aconitine in OVCA cells may result primarily from ERβ activation.

Apoptosis serves important roles in eliminating unwanted or damaged cells in a number of physiological and pathological conditions such as hypoxia and inflammation ([@b48-mmr-22-03-2318]), and the Bcl-2 family contains 2 classes, antiapoptotic members and proapoptotic members ([@b49-mmr-22-03-2318]). Bcl-2 is an antiapoptotic member. Bax, a proapoptotic member, is mainly distributed on the mitochondrial membrane, and the loss of mitochondrial membrane potential is closely related to the release of cytochrome C ([@b46-mmr-22-03-2318]). Increased ERβ and PHD2 can induce apoptosis via adjusting caspase-3 and Bax/Bcl-2 signals *in vitro* and *in vivo* ([@b27-mmr-22-03-2318]). MMPs are a family of zinc-dependent proteinases involved in the degradation of the extracellular matrix and the basement membrane component, and they are associated with the invasion and metastasis of malignant tumors ([@b50-mmr-22-03-2318]). Recent studies have demonstrated that ERβ gene knockdown augments cell proliferation, migration and invasion by regulating cyclin D1 and MMP2 ([@b51-mmr-22-03-2318]). ATM is a serine/threonine kinase that regulates DNA damage by breaking down into active monomers ([@b51-mmr-22-03-2318]). Previous studies revealed that ERβ is required for optimal chemotherapy-induced DNA damage and apoptosis through activation of ATM during the DNA damage response, suggesting that ERβ may function as a tumor suppressor via ATM signaling ([@b52-mmr-22-03-2318],[@b53-mmr-22-03-2318]). The results of the present study indicated that aconitine decreased the mitochondrial membrane potential and induced mitochondria injury in A2780 cells, and induced apoptosis via adjusting the expression of p53, cytochrome C, cleaved caspases-3/9, Bax/Bcl-2, Bcl-xl, Apaf-1 and cleaved PARP. Notably, the expression levels of MMP2, MMP9 and p-ATM were decreased by aconitine, which may inhibit the development and progression of tumor metastasis and induce DNA damage. In addition, the molecular docking assay results further showed that aconitine possessed powerful affinity towards ERβ, indicating that the compound may directly target the protein for its biological activities. Previously, an ectopic implantation model in nude mice was established to investigate the role of aconitine *in vivo* and the trial suggested that aconitine showed an antimelanoma effect in suppressing tumor growth *in vivo* ([@b54-mmr-22-03-2318]). However, there is no report concerning the antitumor effects of aconitine in OVCA animal models. A previous study has demonstrated that processing (usually boiling) of crude aconite roots decreases the number of toxic alkaloids and increases the concentration of lipo-alkaloids, suggesting that toxic aconite alkaloids cannot be responsible for the anticancer activity, but lipo-alkaloids may be ([@b55-mmr-22-03-2318]). Therefore, in the next study we will work on chemical modification of the drug to decrease the toxicity through lipolyzing in order to make it applicable *in vivo*.

In conclusion, the current study has demonstrated that aconitine decreased cell viability, tumor metastasis and induced apoptosis and DNA damage in A2780 cells via ERβ-mediated signaling ([Fig. S2](#SD1-mmr-22-03-2318){ref-type="supplementary-material"}). Further research is required to investigate the mechanisms, drug targets and clinical applications of aconitine against OVCA.
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![Effects of aconitine on the viability of A2780 cells. (A) Chemical structure of aconitine. (B) Effects of aconitine on the viability of A2780 cells detected by MTT assay. (C) Morphological changes of the cells treated by different concentrations of aconitine (100, 200 and 400 µg/ml) for 24 h by bright-field images obtained using a light microscope. Scale bar, 100 µm. Data are presented as mean ± SD of five independent experiments. \*P\<0.05, \*\*P\<0.01 vs. corresponding control group at 6, 12 and 24 h. ^\#^P\<0.05, ^\#\#^P\<0.01 vs. corresponding treatment group at 12 h.](MMR-22-03-2318-g00){#f1-mmr-22-03-2318}

![Aconitine inhibits colony formation and motility of A2780 cells. (A) Effects of aconitine (100, 200 and 400 µg/ml) for 24 h on colony formation in A2780 cells. (B) Effects of aconitine (25, 50 and 100 µg/ml) for 24 h on migratory and invasive properties of A2780 cells, invasion was measured in Transwell plates, and the effect of aconitine on cell migration was measured by wound-healing assay. The migration distance of A2780 cells in each concentration of aconitine was calculated as the width at 0 h minus the width at 24 h. Data are presented as the mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. control group.](MMR-22-03-2318-g01){#f2-mmr-22-03-2318}

![Aconitine induces apoptosis and DNA damage, and decreases mitochondrial membrane of A2780 cells. (A) Effects of aconitine on apoptosis measured by TUNEL and flow cytometry assays. (B) Effects of aconitine on DNA damage and mitochondria membrane potential. Scale bar, 100 µm. Data are presented as mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. control group. Aco, aconitine; PI, propidium iodide.](MMR-22-03-2318-g02){#f3-mmr-22-03-2318}

![Effects of aconitine on the expression levels of ERβ. (A) Effects of aconitine on the expression levels of ERβ by immunofluorescence. (B) Effects of aconitine on the expression levels of ERβ and VEFG and (C) statistical analyses of fluorescence intensity of the positive cells compared with the control group. Scale bar, 100 µm. Data are presented as mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. control group. Aco, aconitine; ERβ, estrogen receptor β; VEGF, vascular endothelial growth factor A.](MMR-22-03-2318-g03){#f4-mmr-22-03-2318}

![Effects of aconitine on the expression of proteins associated with apoptosis, DNA damage and migration. (A) Effects of aconitine on the expression levels of HIF-α and PHD2. (B) Effects of aconitine on the expression levels of MMP2 and MMP9. (C) Effects of aconitine on the expression levels of ATM, p-ATM and p53. Data are presented as mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. control group. Aco, aconitine; HIF-α, hypoxia-inducible factor; PHD2, prolyl hydroxylase domain-containing protein 2; MMP, matrix metalloproteinase; ATM, ATM serine/threonine kinase; p-, phosphorylated.](MMR-22-03-2318-g04){#f5-mmr-22-03-2318}

![Effects of aconitine on the expression levels of proteins associated with the mitochondria pathway, including Bax, Bcl-2, Apaf-1, cleaved caspase-3, cleaved caspase-9, Bcl-xl, Cyt C and cleaved PARP. Data are presented as mean ± SD of three independent experiments. \*P\<0.05, \*\*P\<0.01 vs. control group. Aco, aconitine; Apaf-1, apoptotic peptidase activating factor 1; Cyt C, cytochrome C; PARP, poly (ADP-ribose) polymerase.](MMR-22-03-2318-g05){#f6-mmr-22-03-2318}

![Aconitine directly targets ERβ. (A) 3D structure of aconitine. (B) Crystal structure of ERβ (Protein Data Bank, ID: 2YLY) (C) 3D diagram and (D) schematic diagram of the hydrogen bond interaction between aconitine and ERβ. 3D, three-dimensional; ERβ, estrogen receptor β.](MMR-22-03-2318-g06){#f7-mmr-22-03-2318}

###### 

Antibodies used in the present study.

  Antibody                                                                 Source   Dilution   Company                   Catalog number
  ------------------------------------------------------------------------ -------- ---------- ------------------------- ----------------
  ERβ                                                                      Rabbit   1:1,000    ProteinTech Group, Inc.   21244-1-AP
  VEGF-A                                                                   Rabbit   1:1,000    ProteinTech Group, Inc.   19003-1-AP
  HIF-α                                                                    Rabbit   1:500      ProteinTech Group, Inc.   20960-1-AP
  PHD2                                                                     Rabbit   1:500      ProteinTech Group, Inc.   19886-1-AP
  p53                                                                      Rabbit   1:1,000    ProteinTech Group, Inc.   10442-1-AP
  Bax                                                                      Rabbit   1:1,000    ProteinTech Group, Inc.   50599-2-Ig
  Bcl-2                                                                    Rabbit   1:1,000    ProteinTech Group, Inc.   60178-1-Ig
  Bcl-xl                                                                   Rabbit   1:1,000    ProteinTech Group, Inc.   26967-1-AP
  Apaf-1                                                                   Rabbit   1:1,000    ProteinTech Group, Inc.   21710-1-AP
  Cleaved Caspase-3                                                        Rabbit   1:1,000    ProteinTech Group, Inc.   19677-1-AP
  Cleaved Caspase-9                                                        Rabbit   1:1,000    ProteinTech Group, Inc.   10380-1-AP
  Cleaved PARP                                                             Rabbit   1:1,000    ProteinTech Group, Inc.   13371-1-AP
  Cytochrome C                                                             Rabbit   1:1,000    ProteinTech Group, Inc.   66264-1-Ig
  MMP2                                                                     Rabbit   1:1,000    ProteinTech Group, Inc.   10373-2-AP
  MMP9                                                                     Rabbit   1:1,000    ProteinTech Group, Inc.   10375-2-AP
  ATM                                                                      Rabbit   1:500      BIOSS                     bs-1370R
  p-ATM                                                                    Rabbit   1:500      BIOSS                     bs-12545R
  Coralite 594-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L)            Rabbit   1:2,000    ProteinTech Group, Inc.   SA00013-4
  Horse radish peroxide-conjugated AffiniPure Goat Anti-Rabbit IgG (H+L)   Rabbit   1:2,000    Proteintech Group, Inc.   SA00001-2

ERβ, estrogen receptor β; VEGF, vascular endothelial growth factor A; HIF-α, hypoxia-inducible factor; PHD2, prolyl hydroxylase domain-containing protein 2; MMP, matrix metalloproteinase; ATM, ATM serine/threonine kinase; p-, phosphorylated; Apaf-1, apoptotic peptidase activating factor 1; PARP, poly (ADP-ribose) polymerase.
